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Abstract. 2014 A theoretical model of helix-coil transitions of polymers such as polypeptides under a velocity gradient is presented. A polymer in dilute solution is represented by a chain of alternating flexible coils and rigid rods which represent flexible segments and helical segments respectively. A time-independent homogeneous velocity gradient is introduced and the effects on the conformational properties of polymers are investigated. The numerical analysis of the model shows that if a velocity gradient is not too small, the effects are significant and considerable changes of conformational properties of polymers arise. In the latter part of the paper, the effects of the anisotropic excluded volume type interactions between helical segments are included in the model by a mean field approximation. 1 . Introduction: -In solutions, somme. types of chainlike polymers (i.e., polypeptides) undergo helixcoil transitions which are characterized by some extemal parameters such as temperature, pH, etc. In equilibrium given by these parameters, a polymer is composed of a statistical distribution of helical and coiled segments. If a steady state homogeneous velocity gradient is introduced, the frictions between the monomers and the fluid cause changes of the conformational properties of the polymers. The purpose of this paper is to present a model to predict how a velocity gradient changes these conformational properties. In The velocity gradient studied here is known as the elongational flow [5, 6, 7] . This type of flow is closely approximated in a thin filament of fluid that is being elongated by forces exerted on the two ends [7] . Also this type of flow occurs in the axial region of a convergent duct or at the entry of a capillary. A nearly ideal situation of this flow is found with the tubeless siphon too [5] . The experimental realization of this type of flow is also described by Peng and Landel [8] and by Aciemo et al. [9] . The [10] where ê, is the unit vector along the direction of the rod and g : ê, ê, is the tensor product between g and ê, ê,. The factor ÇH is the friction coefficient of a monomer in a helical segment, and aH is the contribution of a monomer to the total length of a rod of N monomers. With g given by equation (7), the Boltzmann factor exp[ -PÊ(O, ç)] becomes where PH = n aH g/24 kB T is a dimensionless quantity which represents both the strength of the coupling between a monomer and the fluid and the magnitude of the velocity gradient g. From equation (9) For a small rod of a coil, the bond probability [11] t/1 m(r, 0, ç) is given by, according to equation (8), (10) where ac is the length of a monomer (the length of a small rod), Pc -a' g/24 kB T a dimensionless quantity as PH and (r, 0, ç) is the spherical coordinates.
The delta function ô(l r 1 -ac) may be approximated by a Gaussian function [11] of where r = r 1. Using the Cartesian coordinates, we have Let us define K (p) by Then the numerator of Zc(e) is given by [11] where The result of the integration for V1 c(R) is, in Cartesian coordinates, as follows : 250, From equation (11), we see that the chain is elongated along the z axis. Also, Pc must be smaller than 3/4 for t/1 c(R) to be real. However, this is not a serious restriction because the quantity N2 Çc ac/24 kB T which is the relaxation time of the Rouse model [12, 13] chain is in the order of 10-2 s-1. Therefore, even if g = 106 s-l, Pc is still much smaller than 3/4. Typically [14, 15, 16] , the experimental values of large g do not exceed 105 s-1. Hence, we assume that Pc 3/4 is always satisfied. From equations (9) and (11) where is a function of the parameters such as Q and Q and independent of N if N is very large [1] . In order to obtain an equation satisfied by À, let us imagine adding one coiled segment of n monomers followed by one helical segment of m monomers to an existing chain of N -(n + m) monomers [17] .
Then we have
The statistical weight of having a coiled segment of n monomers regardless of the conformations of the rest of the polymer is proportional to 6Q". Therefore each term of the summation in equation (13) (24) and (17) , il is given by which is denoted by il is shown as a function of PH and Q for 6 =10-As the velocity gradient goes to zero (fiH -+ 0), the values ouf 1 for various Q should approach those given by equation (25) . These When is greater than that for the maximum, the reduction of 1 due to coalescence will win and 1 will decrease. In figure 8 and figure 9 , there are minima near PH --6 x 10-2. These are due to the fact that Pc &#x3E; PH. However, this region of PH = 10-2 _ lU 1 is too great to be realized experimentally. Therefore we will not attempt to explain this behaviour of 17 near PH ---6 x 10-2 in this paper. [19] showed that a system of rigid rods has a nematic phase which is induced by the steric interactions between rods. In our previous paper [20, This interaction has the symmetry of a Maier-Saupe type quadrupole-quadrupole interaction [22] . The Vi Vj dependence of Eij derives from Onsager's theory.
The factor e is a dimensionless coupling constant of the order of unity. For a helical segment of monomers and orientation of q, we approximate the overall effects of the interactions with the surrounding rods by a self-consistent mean field u. In this mean held u, the mean interaction energy E &#x3E; of that helical segment is given by (7) is given by
The ratio 6/6 is given by, according to equation (12) , In this way, the excluded volume interactions of helical segments can be included in this model. The calculations of e, 1, and il can be performed in the same way as in section 3. However, the mean field u should be obtained self-consistently by solving equation (15) and equation (28) simultaneously. In figure 10 , Ç is shown as a function of PH and Q for u = 10-3 and cv = 0.1 in the mean field u. These are represented by the solid lines. The dotted lines are Ç when u = 0 which are identical to figure 6 . From figure 10 , we see that the excluded volume interactions between helical segments enhance further the development of the nematic order, and this enhancement is greater when Q is smaller. 6. Final remarks and conclusions. -In this paper, we presented a model of helix-coil transition which predicts that the velocity gradient will cause the increase of number of monomers in helical segments as well as the development of the nematic order. It is also predicted that the excluded volume interactions between helical segments will further enhance the development of the nematic order. The basic assumption in this model is that a polymer is so long that 0, Ç, and il do not depend on the polymerization index N. There are two conditions for this assumption to be valid. First, v &#x3E; must be much smaller than N so that two parts of a polymer separated by a large number of monomers can be considered statistically independent. This condition can be checked by the results of the calculations of v &#x3E; a posteriori. Second, the number of terms to be added in the summation of equation (15) and equation (22) to secure sufficient accuracy of the calculations should be smaller than N.
In this paper, it is found that N = 103 is great enough to satisfy these conditions easily for the chosen values of the parameters.
In this paper, the hydrodynamic interactions [26] are neglected for the following reason. The coils in an elongational flow are strongly deformed into a long cylindrical shape when flRJ g &#x3E; kB T is satisfied where il is the viscosity of the solvent and Ro is the unperturbed coil radius [13] .
When the coils are strongly deformed, the hydrodynamic interactions between monomers become negligible because the flow field penetrates a chain entirely [13] . Therefore [25] becomes a good approximation when the concentration of chains are in semi-dilute regime where the chains overlap [28] .
We come to the conclusion that the predictions of this model seem to be very plausible and some experimental investigations of these predictions are desirable.
The experimental signature of the helix-coil transitions and the development of nematic ordering would be changes in the optical activity [29] (helixcoil transition) and flow birefringence [30] .
We wish to emphasize the fact that the values of 0, 11 obtained in sections 3 and 4 when approaches to zero are in good agreement with those given by the already established theory of helix-coil transitions [1] in the absence of an external field, as shown in figures 4, 5, 8, Appendix IV. -Let us consider the effect of the tensile stress on the helix-coil transition in the flow given by equation (7) . A macromolecule is visualized as an alternating chain of coils and rods. Suppose that the chain is long enough so that there are many coils and rods (e.g., 10 or more coils and rods). Also, suppose that J is small enough so that a coil or a rod has many monomers (e.g., 10 or more monomers). When these conditions are satisfied (this is the condition implicitly assumed in section 3), the problem is simplified by assuming that all coils and rods have the same number of monomers respectively (p monomers for each coil and v monomers for each rod; see Fig. 11 ). For the study of this chain in the flow, the simple dumbbell model is appropriate [6, 23, 24] . The more realistic necklace model [6, 25, 26] will not change the results qualitatively because the effects of tensile stress primarily depend on the first mode of motion of the chain and the difference between these two models, therefore, resides more in values of numerical coefficients than functional dependence. In the dumbbell model, the chain is characterized by the end-to-end vector R (see Fig. 11 ). The distribution function §(R) is given by where and Here, g is given by equation (7), qo is the viscosity of solvent, A the coefficient of hydrodynamic resistance of a segment of the chain (a segment is a repetitive unit of the chain, for example, a coil and one of the next rods ; see Fig. 11 
